Background: Glutamine and glutamate are known to play important roles in cancer biology. However, no detailed information is available in terms of their levels of involvement in various biological processes across different cancer types, whereas such knowledge could be critical for understanding the distinct characteristics of different cancer types. Our computational study aimed to examine the functional roles of glutamine and glutamate across different cancer types.
glutaminolysis [14] and GSH synthesis [15] in multiple types of cancer. While numerous studies on elucidation of the functional roles of glutamine and glutamate in cancer have been published [16] [17] [18] [19] , no comparative analyses of their functions across different cancer types have been published, to the best of our knowledge.
We conducted here a computational analysis of gene expression data of cancer tissues versus normal control tissues of 11 types of human cancer based on The Cancer Genome Atlas (TCGA) gene expression data [20, 21] , focusing on glutamine and glutamate metabolisms. We addressed the following four questions through our analyses. (1) Do cancers generally have increased influx of glutamine and/or glutamate? (2) Are glutamine and glutamate metabolisms increased in each type of cancer under consideration? (3) In what major biological processes are glutamine and glutamate involved across different types of cancer? (4) For types of cancer that do not involve glutamine and/or glutamate in some of these biological processes, how are the processes accomplished?
Methods

Dataset
Gene expression data measured by RNA-seq of 34 types of human cancer were downloaded from the TCGA database [22] , and only those types of cancer with at least 10 cancerous and 10 control samples were kept.
Identification of differentially expressed genes
A gene was deemed to be up-or down-regulated if the fold change between the average expression level of the gene in cancer samples and that in control samples is larger than 1.5 or smaller than − 1.5, with a P value no more than 0.05 measured using the limma t test [23] .
Estimating expression level of metabolic process
Given a metabolic process m, its expression level was estimated using the expression levels of their rate-limiting enzyme or transporter genes. In cases when multiple enzymes or transporters were associated with m, a principal component analysis was applied to the expression matrix of these enzymes or transporters [24] , and the first principal component was obtained as the one-dimension representative of these genes and was used as the expression level of m, with rationale of dimension deduction.
Assessing statistical contribution of substrate towards synthesis of product
For a product metabolite p, we identified whether contributions from potential reactant metabolite(s) may differ in cancer versus controls.
We built a multiple group regression model [25] and used it to check whether differences exist between cancer and controls in reactant metabolites r 1 , . . . , r M contributing to product p: where y is the observed level of product metabolite p across all samples of both cancer and controls; ID is an index variable denoting whether observations are from cancer (= 1) or control (= 0) samples; x 1 , . . . , x M are the observed levels of reactant metabolites r 1 , . . . , r M via synthesis and/or up-take (for transporter genes) across all samples; � x 1 : ID, . . . , � x M : ID denote the interactions between the index variables ID and x 1 , . . . , x M ; and β 0 , β 1 , . . . , β M , α 0 , α 1 , . . . , α M are regression coefficients. The interaction terms between the index variable and other predictor variables denote the differential contributions of these metabolites to the production of product metabolite p in cancer versus control samples. In a fitted regression model, if some interaction terms are found to be statistically significant, the corresponding metabolites are predicted to contribute differently to the production of p in cancer versus control tissues. Linear regression model and assessment of the significance of linear terms were done using R software (R Foundation for Statistical Computing, Vienna, Austria).
Results
The influxes of glutamine and glutamate are substantially increased in cancer versus control tissues Eleven types of cancer, including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), colon adenocarcinoma (COAD), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), prostate adenocarcinoma (PRAD), and thyroid carcinoma (THCA), were finally included in the present study, with details presented in Table 1 . We compared gene expression data of cancer versus control tissues of the 11 types of cancer to detect whether cancers generally have increased uptake or synthesis of glutamine and glutamate. Specifically, we examined the expression levels of all the genes that encode importers or synthases for glutamine and glutamate separately, which are summarized in Table 2(A1-4) .
Differential expression analyses were conducted on these genes with the detailed results shown in Fig. 1a , b. We noted that among the five known glutamine importers, solute carrier family 1 member 5 (SLC1A5) [26] [27] [28] [29] [30] and solute carrier family 38 member 1 (SLC38A1) [31] [32] [33] [34] were widely studied and are up-regulated in four and six types of cancer, respectively; two less studied
importers, solute carrier family 38 member 2 (SLC38A2) [35] and solute carrier family 38 member 5 (SLC38A5) [36] , are overexpressed in one and three types of cancer, respectively; and solute carrier family 38 member 3 (SLC38A3) [37] is not up-regulated in any cancer (Fig. 1a) . In addition, glutamate-ammonia ligase (GLUL) is not overexpressed in any type of cancer under study, hence indicating that glutamine is not synthesized from glutamate in cancer in general. We also discovered that SLC38A1 is overexpressed in BLCA; SLC1A5 and SLC38A5 in HNSC; SLC38A1 and SLC38A2 in KIRC; SLC38A1 in KIRP; and SLC1A5 in THCA. In addition, we found that the uptake of glutamine is increased by upregulated SLC38A1 and SLC38A5 in BRCA, where such observation with SLC38A1 was previously reported [32] ; by up-regulated SLC1A5 and SLC38A5 in COAD, where such observation with SLC1A5 was previously reported [30] ; and by up-regulated SLC38A1 instead of SLC1A5 in KIRP as previously reported [27] . The increased influx of glutamate is due to increased conversion from glutamine and increased uptake in at least six types of cancer as shown in Fig. 1b . Overall, we found that 10 of the 11 types of cancer have increased influxes of both glutamine and glutamate, and PRAD is the only type of cancer (under consideration) without increased utilization of glutamine or glutamate, compared with the normal controls.
Basic metabolisms of glutamine and glutamate are up-regulated in cancer
To identify whether glutamine and glutamate metabolisms are increased in each type of cancer under consideration, we examined the expression levels of 13 and 3 genes involved in the basic glutamine and glutamate metabolisms, respectively, referred to as the glutamine and glutamate metabolic genes, consisting of ratelimiting enzyme genes in glutaminolysis and genes for catalyzing reactions that directly involve glutamine or glutamate.
The differential expression of the above genes is shown in Fig. 1c, d . Specifically, among the 11 types of cancer, we found that LUAD has the highest up-regulated glutamine metabolism, which agrees with the results of a published study [38] . COAD, KICH, HNSC, and BRCA also have substantial up-regulation in the glutamine metabolism, indicating an important role of glutamine metabolism in these cancers as reported in the study [39] . We also found that LUAD has the highest up-regulation in the glutamate metabolism, whereas KIRC, LIHC, and THCA have the lowest.
We noted a negative correlation between the level of change in glutamine metabolism and the average 5-year survival rate across the 11 types of cancer [40] , with a corresponding r of − 0.604 and a P value of 0.049 (Fig. 2) , suggesting that the expression levels of glutamine metabolic genes can potentially be used as an indicator for the survival rate of a cancer patient. Specifically, level of change in glutamine metabolism represents the difference between expression levels of glutamine metabolism in cancer versus control tissues.
Biological functions that involve glutamine and glutamate
A systematic review of the literature [16] [17] [18] [19] suggests that glutamine and glutamate are involved in seven pathways in cancer (Table 3) . We conducted systematic analyses coupled with modeling to identify (i) what major biological processes glutamine or glutamate is involved in across different types of cancer, respectively; and (ii) for cancer types that do not involve glutamine or glutamate in some of these biological processes, what might have been used instead.
Glutamine is involved in purine and pyrimidine biosynthesis in cancer
It is well established that glutamine is involved in nucleotide synthesis in cancer [16, 19] . Four processes are known for purine synthesis, namely (i) de novo synthesis from glutamine and purine synthesis by salvage from (ii) adenosine, (iii) guanosine, and (iv) inosine. The ratelimiting enzyme genes for each process were used in our analysis, along with the transporter and synthase genes for each metabolite (Table 2A1 -2, B1-7) and their differential expressions in cancer versus controls (Figs. 1a, 3a) .
We used the expression levels of the rate-limiting enzyme genes in each of the four purine synthesis pathways to examine the differential expression levels of these Table 2 Genes involved in biological processes related to metabolisms of glutamine and glutamate a The first letter in each item including A-J represents each group of genes that have the same biological process UDP-GlcNAc, uridine diphosphate N-acetylglucosamine; GSH, glutathione; TXN, thioredoxin; SLC1A5, solute carrier family 1 member 5; GLUL, glutamateammonia ligase; GLS, glutaminase; PFAS, phosphoribosylformylglycinamidine synthase; GMPS, guanine monophosphate synthase; CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; CTPS1, CTP synthase 1; PPAT, phosphoribosyl pyrophosphate amidotransferase; APRT, adenine phosphoribosyltransferase; ADA, adenosine deaminase; ADK, adenosine kinase; HPRT1, hypoxanthine phosphoribosyltransferase 1; UCK1, uridine-cytidine kinase 1; UCKl1, uridine-cytidine kinase 1 like 1; UPP1, uridine phosphorylase 1; UPRT, uracil phosphoribosyltransferase homolog; HK1, hexokinase 1; HKDC1, hexokinase domain containing 1; GCK, glucokinase; PFKL, phosphofructokinase, liver type; PFKM, phosphofructokinase, muscle; PKLR, pyruvate kinase, liver and RBC; PKM2, pyruvate kinase, muscle; ATP5A1, ATP synthase, H + transporting, mitochondrial F1 complex, alpha subunit 1, cardiac muscle; ACACA, acetyl-CoA carboxylase alpha; FASN, fatty acid synthase; FABP1, fatty acid binding protein 1; APOBR, apolipoprotein B receptor; CD36, CD36 molecule; CXCL16, C-X-C motif chemokine ligand 16; ILDR1, immunoglobulin like domain containing receptor 1; LDLR, low density lipoprotein receptor; LRP1, LDL receptor related protein 1; OLR1, oxidized low density lipoprotein receptor 1; SCARB1, scavenger receptor class B member 1; STAB 1, stabilin 1; VLDLR, very low density lipoprotein receptor; GFPT1, glutamine-fructose-6-phosphate transaminase 1; GNPNAT1, glucosamine-phosphate N-acetyltransferase 1; PGM3, phosphoglucomutase 3; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1; UAP1L1, UDP-N-acetylglucosamine pyrophosphorylase 1 like 1; ASNS, asparagine synthetase; ALDH18A1, aldehyde dehydrogenase 18 family member A1; PYCR1, pyrroline-5-carboxylate reductase 1; PYCRL, pyrroline-5-carboxylate reductase-like; ARG1, arginase 1; OAT, ornithine aminotransferase; PQLC2, PQ loop repeat containing 2; ASS1, argininosuccinate synthase 1; PSAT1, phosphoserine aminotransferase 1; PSPH, phosphoserine phosphatase; SERINC1, serine incorporator 1; SGCLC, glutamate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GSS, glutathione synthetase; TXNRD1, thioredoxin reductase 1 pathways in cancer versus controls (Fig. 4a) . We then developed a linear regression model based on expression levels of these genes to estimate the differential contributions of glutamine, adenosine, guanosine, and inosine towards purine synthesis in cancer versus control tissues. We noted that purine synthesis is substantially upregulated in BLCA, BRCA, COAD, HNSC, and LUAD. Among these, BLCA has no consistent patterns in terms of increased contributions by any of the four metabolites; BRCA has increased contributions by both glutamine and adenosine; COAD has no consistent patterns in terms of increased contributions by any but has decreased contributions by glutamine and adenosine; HNSC has increased contribution by inosine and decreased contribution by glutamine; and LUAD has no consistent patterns in terms of increased contributions by any but has decreased contribution by glutamine (Fig. 5a) . Overall, there is no consistent pattern across these types of cancer in terms of which of the four metabolites have increased contributions. A similar analysis was conducted on statistical contribution of glutamine to the synthesis of pyrimidine. The pyrimidine synthesis can be done through one of the following three pathways: (i) pyrimidine de novo synthesis from glutamine and pyrimidine synthesis by salvage from (ii) cytidine or (iii) uridine. Rate-limiting enzyme genes involved in these processes, and transporter and synthase genes for glutamine, cytidine and uridine were included in our analysis (Table 2A1 -2, C1-5) with their differential expressions in cancer versus control tissues (Figs. 1a,  3a) . Similar to the above analysis, a linear regression model was developed using these genes' expression levels to assess the contributions of glutamine, cytidine, and uridine to pyrimidine synthesis (Figs. 4b, 5b) . Overall, pyrimidine synthesis is up-regulated in seven types of cancer: BLCA, COAD, HNSC, KICH, KIRC, LICH, and LUAD. Among these, the contribution by glutamine is decreased in BLCA and LUAD versus controls; the contributions by cytidine and uridine are increased in COAD; the contributions by cytidine and uridine are increased, and that by glutamine is decreased in HNSC and KICH; the contributions by glutamine is increased in KIRC; and the contribution by any of the three metabolites is decreased in LIHC. Again, like in purine synthesis, there are no consistent patterns in terms of increased or decreased contributions by any of the three contributing factors.
Glutamine for energy and biomass synthesis in cancer
Glutamine is the second major nutrient of cancer next to glucose [41] . One of its key functions is to produce energy and biomass. We compared its utilization as an energy producer with that of glucose across the 11 types of cancer. Like in the above subsection, ratelimiting enzyme genes involved in energy production (and biomass synthesis) along with the relevant transporter and synthase genes were included in our analyses (Table 2A1 -2, B1-4, C1-3, D1-3 and E1-2) with their differential expression levels in cancer versus control tissues given in Figs. 1a and 3b. Five types of cancer, BLCA, BRCA, KICH, LIHC, and LUAD, have increased ATP synthesis (Fig. 4c) . In addition, the levels of contributions towards ATP production by glucose and glutamine are summarized in Fig. 5c , from which we found that, in BRCA, LICH, and LUAD, only glucose has an increased contribution; in BLCA, glutamine has a reduced contribution; and in KICH, glutamine and glucose have no consistent patterns of contribution either increased or decreased.
As for biomass production, the level of lipid synthesis was assessed based on the expression levels of genes encoding acetyl-CoA carboxylase alpha (ACACA), acetyl-CoA carboxylase beta (ACACB), and fatty acid synthase (FASN). Again, a linear regression model was employed to assess the levels of contributions by glutamine and glucose to lipid synthesis using the (See figure on previous page.) Fig. 3 Differential expression of rate-limiting enzyme genes and transporter genes involved in a nucleotide synthesis, b energy (ATP) synthesis and lipid production, c uridine diphosphate N-acetylglucosamine (UDP-GlcNAc) synthesis, d asparagine metabolism, e proline production, f serine production, and g anti-oxidation factor synthesis. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma; PPAT, phosphoribosyl pyrophosphate amidotransferase; APRT, adenine phosphoribosyltransferase; ADA, adenosine deaminase; ADK, adenosine kinase; HPRT1, hypoxanthine phosphoribosyltransferase 1; SLC28A1, solute carrier family 28 member 1; CAD, carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; UCK1, uridine-cytidine kinase 1; UCKl1, uridine-cytidine kinase 1 like 1; UPP1, uridine phosphorylase 1; UPRT, uracil phosphoribosyltransferase homolog; HK1, hexokinase 1; HKDC1, hexokinase domain containing 1; GCK, glucokinase; PFKL, phosphofructokinase, liver type; PFKM, phosphofructokinase, muscle; PKLR, pyruvate kinase, liver and RBC; PKM2, pyruvate kinase, muscle; ATP5A1, ATP synthase, H + transporting, mitochondrial F1 complex, alpha subunit 1, cardiac muscle; SLC2A1, solute carrier family 2 member 1; ACACA, acetyl-CoA carboxylase alpha; ACACB, acetyl-CoA carboxylase beta; FASN, fatty acid synthase; FABP1, fatty acid binding protein 1; APOBR, apolipoprotein B receptor; CD36, CD36 molecule; CXCL16, C-X-C motif chemokine ligand 16; ILDR1, immunoglobulin like domain containing receptor 1; LDLR, low density lipoprotein receptor; LRP1, LDL receptor related protein 1; OLR1, oxidized low density lipoprotein receptor 1; SCARB1, scavenger receptor class B member 1; STAB 1, stabilin 1; STAB 2, stabilin 2; VLDLR, very low density lipoprotein receptor; GFPT1, glutamine-fructose-6-phosphate transaminase 1; GNPNAT1, glucosamine-phosphate N-acetyltransferase 1; PGM3, phosphoglucomutase 3; UAP1, UDP-N-acetylglucosamine pyrophosphorylase 1; UAP1L1, UDP-N-acetylglucosamine pyrophosphorylase 1 like 1; ASNS, asparagine synthetase; ALDH18A1, aldehyde dehydrogenase 18 family member A1; PYCR1, pyrroline-5-carboxylate reductase 1; ARG1, arginase 1; OAT, ornithine aminotransferase; PQLC2, PQ loop repeat containing 2; ASS1, argininosuccinate synthase 1; PSAT1, phosphoserine aminotransferase 1; PSPH, phosphoserine phosphatase; SERINC1, serine incorporator 1; GCLC, glutamate-cysteine ligase catalytic subunit; GCLM, glutamate-cysteine ligase modifier subunit; GSS, glutathione synthetase; TXN, thioredoxin; TXNRD1, thioredoxin reductase 1 Fig. 4 The levels of a purine synthesis, b pyrimidine synthesis, c energy (ATP) synthesis, d lipid synthesis, e nucleotide synthesis, f UDP-GlcNAc synthesis, g asparagine synthesis, h proline synthesis, i serine synthesis, and j GSH synthesis in cancer (red) versus control tissues (blue) in 11 types of cancer. In each panel, the X axis represents the names of the 11 cancer types, the Y axis is for the expression level, and * represents the P value no more than 0.05 analyzed with the t test. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma expressions of these genes along with genes for uptake and syntheses of glutamine and glucose (Figs. 1a,  3b) . We found that lipid synthesis is up-regulated in four types of cancer: COAD, HNSC, KICH, and PRAD (Fig. 4d) . Among them, COAD and HNSC have increased contributions from glucose; KICH has no consistent patterns in terms of increased or decreased contribution from either glutamine or glucose; and PRAD has increased contribution from glutamine (Fig. 5d) . In the other seven types of cancer, lipid is predominantly up-taken from extracellular space based on an observation that fatty acid-binding protein and lipoprotein receptor genes are up-regulated in each of these types of cancer (Fig. 3b) . We also assessed the overall level of nucleotide synthesis, namely purine, pyrimidine, and others from glucose and glutamine (Fig. 4e) , and their respective contributions (Fig. 5e) . We found that nucleotide synthesis is increased in the following six types of cancer: BRCA, COAD, HNSC, KICH, LUAD, and THCA, among which BRCA and KICH involve less glutamine in cancer versus controls; COAD uses less glucose; HNSC and LUAD use more glucose but less glutamine; and THCA uses more glutamine for nucleotide synthesis. 5 The estimated level of statistical contribution: a to purine synthesis from glutamine (gln), adenosine (ade), guanosine (gua) and inosine (ino); b pyrimidine synthesis from glutamine, cytidine (cyt) and uridine (uri); c energy synthesis from glutamine and glucose (glc); d lipid synthesis from glutamine and glucose; e nucleotide synthesis from glutamine and glucose; f UDP-GlcNAc synthesis from glutamine and glucosamine (glnc); g asparagine synthesis from glutamine; h proline synthesis from glutamine and arginine (arg); i serine synthesis from glutamate (glu); j GSH synthesis from glutamate synthesis (glu_synt), and transport (glu_trsp). In each panel, ID is a variable for assessing whether the expression level of a response pathway in the linear model differs significantly in cancer and controls, whereas ID:X is the estimated contribution of factor X to the response pathway, where the color represents if a factor has increased (red) or decreased (green) contribution in cancer and controls. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma
Glutamine is used to generate UDP-GlcNAc in cancer
Cancer tends to have substantially increased glycosylation [42, 43] . UDP-GlcNAc is the basic unit for glycosylation, and it can be synthesized with glutamine [39] or glucosamine [44] . We analyzed contributions by glutamine versus glucosamine to the synthesis of UDPGlcNAc in cancer versus controls. Like before, we used rate-limiting enzyme genes involved in UDP-GlcNAc synthesis and transporter and synthase genes for glutamine and glucosamine (Table 2A1- 2, F1-3 ) in our analysis. The expression data of these genes are shown in Figs. 1a and 3c . The level of UDP-GlcNAc synthesis is increased in four types of cancer: BRCA, LIHC, LUAD, and PRAD (Fig. 4f ) . We then assessed the levels of contributions by glutamine and glucosamine separately towards UDP-GlcNAc synthesis (Fig. 5f ). Among the four types of cancer, BRCA and PRAD have increased contributions by glutamine in UDP-GlcNAc synthesis; LIHC and LUAD have decreased contributions by glutamine; and no cancers use increased glucosamine towards increased UDP-GlcNAc synthesis.
Asparagine synthesized from glutamine in cancer
Asparagine serves as a key exchange factor for extracellular amino acids such as serine in support of cancer growth [45] . One way of increasing asparagine quantity is through synthesis from glutamine, and another is through uptake from circulation. We assessed the activities of the relevant exchangers along with the contributions by glutamine and others to the increased activities of the exchangers in cancer versus control tissues. Table 2 (G1-3) summarizes the genes encoding the exchangers along with genes for asparagine synthesis/uptake, with their expression levels in cancer versus control tissues given in Fig. 3d . We used asparagine synthetase (ASNS) to assess the levels of asparagine synthesis in the cancer versus control tissues (Fig. 4g) and found that asparagine synthesis is up-regulated in 10 types of cancer (except for PRAD), among which BLCA and LUAD have increased contributions to asparagine from glutamine; BRCA, KIRC, KIRP, LIHC, and THCA have decreased contributions from glutamine; and COAD, HNSC, and KICH have slightly changed contributions from glutamine (Fig. 5g) . Six types of cancer have increased up-take of asparagine from circulation, as the transporter genes are up-regulated in each type of cancer (Fig. 3d) .
Proline synthesized from glutamine in cancer
Proline plays key roles in cancer such as reactive oxygen species (ROS)-based signaling [46] , lipid metabolism [47] , and collagen biosynthesis [48] . It is known that proline can be converted from glutamine or arginine. In addition, proline can also be up-taken extracellularly. The genes involved in these processes of proline production, along with the transporter and synthase genes for glutamine and arginine, are summarized in Table 2(A1-2 and H1-5). Figures 1a and 3e show the differential expression levels of these genes in cancer versus control tissues. Proline synthesis is increased in five types of cancer: BRCA, COAD, KIRC, LUAD, and PRAD (Fig. 4h) . Specifically, BRCA has decreased contributions from both arginine and glutamine; COAD and KIRC have decreased contribution from glutamine; LUAD has increased contribution by arginine and decreased contribution by glutamine; and PRAD has increased contributions by both glutamine and arginine (Fig. 5h) . As shown in Fig. 3e , proline transporter genes are overexpressed in 10 types of cancer (except for BLCA), indicating an increased uptake of proline and increased contributions in these types of cancer.
Serine synthesis from glutamate in cancer
Serine is an amino acid used for multiple purposes in cancer, including amino acid synthesis [49] [50] [51] [52] , DNA/ RNA methylation [53] , and GSH synthesis [54] . One source for serine is conversion from glutamate via the serine biosynthesis pathway, and the other through up-take. All genes involved in serine production are summarized in Table 2 (A3-4 and I1-2), and their differential expression levels in cancer versus control tissues are shown in Figs. 1b and 3f. We used these genes to assess the levels of serine synthesis in cancer versus controls (Fig. 4i) . Specifically, four types of cancer, BLCA, COAD, HNSC, and LUAD, have increased serine synthesis. We found that BLCA has increased contribution by glutamate in serine synthesis; its contributions in COAD and LUAD are unchanged; and HNSC has decreased contribution from glutamate (Fig. 5i) . It was noteworthy that the serine transporter genes are up-regulated in all 11 types of cancer (Fig. 3f ) , suggesting that serine uptake represents the predominating approach for increased serine level in cancer cells.
Glutathione synthesized from glutamate in cancer
Glutathione is the main anti-oxidation factor in human cells. It is synthesized from cysteine, glutamate, and glycine [55] . The rate-limiting enzyme genes for GSH synthesis along with those for other anti-oxidation factor synthesis are given in Table 2(J1-2) , and their differential expression levels in cancer versus control tissues are shown in Fig. 3g . We examined the levels of GSH synthesis in cancer versus control tissues (Fig. 4j) and found that GSH synthesis is increased in the following eight types of cancer: BLCA, BRCA, COAD, HNSC, KICH, KIRC, KIRP, and LUAD. Further analysis revealed the levels of contributions from different sources towards GSH synthesis (Fig. 5j) . Specifically, BLCA, HNSC, and KIRC have decreased contributions from glutamate up-taken extracellularly; BRCA has increased contribution from glutamate up-taken extracellularly; COAD has unchanged contribution of glutamine from both sources; KICH has increased contributions from glutamate up-taken extracellularly but decreased contributions from glutamate converted from glutamine; KIRP has decreased contributions from glutamate up-taken extracellularly and converted from glutamine; and LUAD synthesize GSH using more glutamate that is converted from glutamine. We also observed that expression levels of rate-limiting enzymes involved in the synthesis of other anti-oxidation factors are up-regulated in eight types of cancer (Fig. 3g) , suggesting other anti-oxidation factors, such as catalase [56] and thioredoxin [57] , are also used to protect cancers from high levels of ROS.
Correlations between ROS and glutamine as well as glutamate metabolisms
We estimated the intracellular level of change in ROS in each of the 11 types of cancer by using genes involved in proteasome and observed a strong positive correlation between the estimated level of change in ROS and the level of change in glutamine metabolism, with a corresponding r of 0.686 and a P value of 0.020 (Fig. 6a) , as well as that between the level of change in ROS and the level of change in glutamate metabolism, with a corresponding r of 0.655 and a P value of 0.029, across the 11 types of cancer (Fig. 6b) . Specifically, the level of change in ROS represents difference between ROS levels in cancer versus control tissues, and the level of change in glutamine/ glutamate metabolism represents the difference between the expression levels of glutamine/glutamate metabolism in cancer versus control tissues.
These correlations had been previously attributed to the anti-oxidation function of GSH synthesized from glutamate and indirectly from glutamine [15] . However, our data suggested that this explanation may not be absolutely correct since it can explain only the correlation between the ROS level and the glutamate metabolism.
Nucleotide synthesis is a major sink for glutamine [16, 19] , which is supported by our data in the previous subsection. We had previously discovered that, when the cytosolic concentration of H 2 , Fenton reactions would continue indefinitely, which would give rise to continuous production of OH· , the most reactive molecule that human cells could produce [59] . Our previous study had revealed that this will lead to substantially increased proteasome assemblies and activities in cancer to degrade proteins damaged by OH· [59] . A recent study found that a reduced concentration of glutamine inhibits ubiquitin-proteasome activities [60] , suggesting that glutamine is directly involved in such activities. Our previous research has revealed that the Fenton reaction-produced OH − drives nucleotide synthesis, which requires glutamine. To rule out the possibility that our observed co-expression of glutamine and Fig. 6 Strong correlations between the level of change in reactive oxygen species (ROS) and the levels of change in glutamine and glutamate metabolisms across 11 types of cancer. ROS level is correlated with glutamine metabolism (r = 0.685, P = 0.020) (a) and glutamate metabolism (r = 0.655, P = 0.029) (b). In each panel, the X axis represents the difference between the expression levels of glutamine/glutamate metabolism in cancer versus control tissues, and the Y axis represents the difference between the ROS levels in cancer versus control tissues. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; PRAD, prostate adenocarcinoma; THCA, thyroid carcinoma proteasome genes is caused by Fenton reaction-induced nucleotide synthesis, we re-assessed the co-expression between glutamine and proteasome genes under the condition when the nucleotide synthesis rate is constant. Specifically, rate-limiting enzymes of nucleotide synthesis from glutamine, phosphoribosyl pyrophosphate amidotransferase (PPAT) and carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase (CAD) [61] , were used to represent the level of nucleotide synthesis, and we selected samples with constant nucleotide synthesis level, then calculated the associations between glutamine and proteasome genes using this subset of samples. The correlation values across the 11 cancer types are summarized in Table 4 , and the significance of all the correlations is with a P value no more than 0.05.
Discussion
Through comparative analyses of gene expression data of 11 types of cancer, we computationally predicted how glutamine and glutamate contribute to cancer biology. Specifically, we observed that (i) the increased influx of glutamine in cancer is mainly due to up-regulated importers, whereas increased influx of glutamate is due to both increased conversion from glutamine and increased uptake, depending on specific types of cancer; (ii) glutamine and glutamate metabolisms are mostly increased in cancer, and the level of change in glutamine strongly correlates with the 5-year survival rate; (iii) our analyses in terms of the levels of statistical contributions by glutamine and/or glutamate to seven pathways reveal the following novel information: (1) glutamine generally does not contribute to purine synthesis in cancer except for BRCA, similarly not to pyridine synthesis except for KIRC; (2) glutamine generally does not contribute to ATP production in cancer; (3) the contribution to nucleotide synthesis by glutamine is minimal if any in cancer; (4) glutamine does not contribute to asparagine synthesis in cancer except for BLCA and LUAD; and (5) glutamate generally does not contribute to serine synthesis except for BLCA; and (iv) strong correlations between increased glutamine and glutamate metabolisms and increased ROS level suggest an anti-oxidation function of glutamine and glutamate.
Different from cell line-based studies, our analysis was conducted on gene expression data of cancer and control tissues. Hence, the analysis results offered a more accurate reflection of the functional roles played by glutamine and glutamate in cancer. In the meantime, tissue-based gene expression data are considerably more complex than cell line data, as the observed gene expression data have contributions from non-cancer cells, such as immune cells, stromal cells, and fat cells, which clearly raises an issue of how reliable the estimated results are, particularly when the percentage of cancer cells in different tissues may vary, in some cases substantially. Knowing this information, we have to note that the present study is limited by the complications of multiple types of cells in cancer tissues, because subtle changes in terms of differential expression may not be detectable using our present analyses of the tissuebased data. Hence up-or down-regulated genes should be considered to be substantially up-or down-regulated. To overcome this limitation, further studies to Table 4 Co-expression levels of PPAT and CAD with proteasome genes in 11 types of cancer PPAT, phosphoribosyl pyrophosphate amidotransferase; CAD, carbamoyl-Phosphate synthetase 2, aspartate transcarbamylase, and dihydroorotase; PSMD1, proteasome 26S subunit, non-ATPase 1; PSMD11, proteasome 26S subunit, non-ATPase 11; PSMD14, proteasome 26S subunit, non-ATPase 14; PSME3, proteasome activator subunit 3; PSME4, proteasome activator subunit 4; PSMB5, proteasome subunit beta 5; PSMD2, proteasome 26S subunit, non-ATPase 2 
